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The Mammalian Mismatch Repair Pathway
Removes DNA 8-oxodGMP Incorporated
from the Oxidized dNTP Pool
mouse embryo fibroblasts (MEFs) contained approxi-
mately 2-fold more oxidized guanines than DNA from
msh2/ MEFs. The average values were 0.68 and 0.34
8-oxoG per 106 guanines for msh2/ and wild-type cells,
respectively (p 0.0001, Student’s t test for paired sam-
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1Laboratory of Comparative Toxicology ples). There was evidence of a gene dosage effect as
the levels of DNA 8-oxoG in msh2/ heterozygous cellsand Ecotoxicology
Istituto Superiore di Sanita’ were intermediate (0.47 per 106 guanines) between those
of wild-type and homozygous cells (Figure 1A). Msh2Rome
2 Istituto Nazionale per la Ricerca sul Cancro status also influenced the amount of DNA 8-oxoG intro-
duced by exposure to an oxidizing agent (Figure 1B).Genova
Italy Following treatment of wild-type cells with 10 or 20 mM
H2O2, the level of 8-oxoG increased to 1.7 and 3.3 per3 Cancer Research UK
London Research Institute 106 guanines, respectively. By comparison, the same
treatment produced 3-fold more DNA 8-oxoG in msh2/Clare Hall Laboratories
South Mimms MEFs. H2O2-treatment of msh2/ cells resulted in inter-
mediate levels of the oxidized purine (data not shown).United Kingdom
The effect of Msh2 deficiency on the steady-state
level of DNA 8-oxoG is not confined to MEFs. Colo5 is
an Msh2-defective variant of the MMR-proficient Colo26Summary
mouse colon tumor cell line [7]. The DNA of repair-defec-
tive Colo5 cells contained almost 4-fold more 8-oxoGMismatch repair (MMR) corrects replication errors. It
requires the MSH2, MSH6, MLH1, and PMS2 proteins than DNA of the parental Colo26 cells (33.9 versus 8.8
per 106 guanines) (Figure 1C). These values are morewhich comprise the MutS and MutL heterodimers [1].
Inactivation of MSH2 or MLH1 in human tumors greatly than 20-fold higher than the corresponding values for
the MEFs, possibly because these cells are derived fromincreases spontaneous mutation rates [2]. Oxidation
produces many detrimental DNA alterations against a murine colon tumor. A normal copy of human chromo-
some 2, which contains the hMSH2 gene, corrects thewhich cells deploy multiple protective strategies [3].
The Ogg-1 DNA glycosylase initiates base excision MMR defect of Colo5. It also reduced the steady-state
level of DNA 8-oxoG by almost 50% (Figure 1B). Therepair (BER) of 8-oxoguanine (8-oxoG) from 8-oxoG:C
pairs [4]. The Myh DNA glycosylase removes mis- value of 18.3 per 106 guanines in Colo5  Ch2 DNA,
which is somewhat higher than the corresponding onematched adenines incorporated opposite 8-oxoG during
replication [5]. Subsequent BER generates 8-oxoG:C for untreated Colo26 cells, is compatible with an msh2
gene dosage effect and expression of a single copy ofpairs, a substrate for excision by Ogg-1. MTH1—an
8-oxodGTPase which eliminates 8-oxodGTP from the hMSH2.
Increased levels of DNA 8-oxoG in Msh2-defectivedNTP pool—affords additional protection by minimiz-
ing 8-oxodGMP incorporation during replication [6]. cells could reflect either a MMR defect or a MMR-inde-
pendent role for Msh2. We tested these possibilities inHere we show that the dNTP pool is, nevertheless,
an important source of DNA 8-oxoG and that MMR two ways. First, we examined the level of 8-oxoG in DNA
from hMLH1-deficient cells. Abrogation of the down-provides supplementary protection by excising incor-
porated 8-oxodGMP. Incorporated 8-oxodGMP con- stream hMLH1 MMR function in a set of closely related
human A2780 ovarian carcinoma cell lines was also as-tributes significantly to the mutator phenotype of
MMR-deficient cells. Thus, although BER of 8-oxoG sociated with increases in both the steady-state and
induced levels of DNA 8-oxoG (Figure 2). A2780 Cloneis independent of Msh2, both steady-state and H2O2-
1 cells are defective in MMR because their hMLH1 geneinduced DNA 8-oxoG levels are higher in Msh2-defec-
is silenced by promoter hypermethylation [8, 9]. Thetive cells than in their repair-proficient counterparts.
resting level of DNA 8-oxoG in A2780 Clone 1 cells wasIncreased expression of MTH1 in MMR-defective cells
4-fold higher (1.4 versus 0.3 8-oxoG per 106 guanines)significantly reduces steady-state and H2O2-induced
than in the MMR-proficient parental A2780 cells, whichDNA 8-oxoG levels. This reduction dramatically dimin-
resembled the msh2/ MEFs in this regard. A trans-ishes the spontaneous mutation rate of Msh2/ MEFs.
fected hMLH1 cDNA corrects the repair defect in A2780
Clone 1. hMLH1 expression decreased the steady-stateResults
8-oxoG level to 0.8 per 106 guanines (Figure 2A). hMLH1
deficiency also affected oxidant-induced DNA 8-oxoGMMR and Accumulation of DNA 8-oxoG
levels, and there was approximately 2-fold more 8-oxoGMsh2 status influences the steady-state and oxidant-
in the DNA of H2O2-treated A2780 Clone 1 cells than ininduced level of DNA 8-oxoG. DNA of untreated msh2/
DNA of their MMR-proficient A2780 parents. This differ-
ence was a consequence of the MMR defect in A27804 Correspondence: bignami@iss.it
5 These authors contributed equally to this work. Clone 1 cells, and the H2O2-induced levels of DNA
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Figure 1. DNA 8-oxoG in msh2-Proficient
and -Defective MEFs and Tumor Cells
msh2/ mice were kindly provided by Dr. H.
te Riele [23]. MEFs prepared from 13-day-old
embryos of the appropriate genotype were
characterized as described [24]. The Colo26
mouse colon tumor cell line, its MMR-defi-
cient (Colo5), and the MMR-corrected
(Colo5  Chr 2) variants are described in [7].
DNA was extracted from exponentially grow-
ing cells [25] and 8-oxoG determined by
HPLC/EC as reported previously [26]. (A)
Steady-state levels of DNA 8-oxoG in MEFs.
msh2/ (unfilled bars), msh2/ (dotted
bars), and msh2/ (filled bars). Values are
mean  SD of independent determinations
(n  7 for msh2/and msh2/; n  3 for
msh2/). (B) DNA 8-oxoG in MEFs treated
with H2O2. msh2/ or msh2/ cells were
treated for 60 min with 10 or 20 mM H2O2
(Fluka). DNA was extracted and 8-oxoG levels determined by HPLC/EC. Means of three determinations. (C) Steady-state DNA 8-oxoG in
Colo26 (unfilled bars), its msh2-defective derivative Colo5 (filled bars), and Colo5 containing a single copy of human chromosome 2 (hatched
bars) cells (two determinations).
8-oxoG were closely similar in the hMLH1 transfectants cells, in agreement with published data [11]. The effects
of Msh2 and Ogg1 inactivation on the steady-state DNAand parental A2780 cells (Figure 2B).
8-oxoG level were additive, and DNA from msh2//
ogg1/ MEFs contained 4-fold more 8-oxoG than wild-Base Excision Repair of 8-oxoG
In the second approach, we examined whether Msh2 type MEF DNA (Figure 4A).
Inactivation of ogg1 also affected the amount ofcould act as a modifier of the Ogg1 DNA glycosylase
that removes 8-oxoG from resting DNA. Ogg1 activity 8-oxoG in DNA after H2O2 treatment. This effect was
also additive with that of msh2 inactivation (Figure 4B).in cell extracts was assayed by measuring incision of a
30-mer duplex oligonucleotide containing a single Treatment with 20 mM H2O2 increased the level of DNA
8-oxoG to 1.9 per 106 guanines in ogg1/ MEFs and to8-oxoG:C base pair. Ogg1 activity was similar in extracts
of MEFs representing all three msh2 genotypes (Figure 4.3 in msh2/ MEFs. The value of 6.0 8-oxoG per 106
guanines in DNA of ogg1//msh2/ cells was approxi-3A). Surprisingly, despite their high levels of DNA
8-oxoG, Colo26 cell extracts contained significantly mately the sum of the values of both single knockout
cells.more Ogg1 activity than extracts of MEFs. Colo26,
Colo5, and Colo5 ch 2 extracts all incised the 8-oxoG Thus, the Msh2 MMR protein and the Ogg1 DNA gly-
cosylase both affect the steady-state level of DNAduplex approximately 10-fold more efficiently than the
MEF extracts (Figure 3B). There were no detectable dif- 8-oxoG. They also modify the extent to which the oxi-
dized purine accumulates in DNA after brief treatmentferences among the Msh2-proficient and -defective vari-
ants of Colo26 in this regard. It is unclear why elevated with an oxidizing agent. In both cases, Msh2 and Ogg1
act independently, and their effects are additive. Thelevels of DNA 8-oxoG coexist with a high Ogg-1 activity
in these mouse tumor cells. It may reflect unusual kinet- demonstration that hMLH1 has a comparable effect on
DNA 8-oxoG levels strongly suggests that the MMRics of the Ogg-1-mediated BER. Alternatively, it may
indicate that the DNA 8-oxoG in these cells is in a form pathway provides significant protection against the ac-
cumulation of the oxidized purine.that is not recognized by Ogg-1.
The capacity of MEF extracts to complete BER paral-
leled their levels of Ogg1 activity. We observed no signif- Incorporation of 8-oxoG: Overexpression
of hMTH1icant differences in the rate, extent, or patch size of BER
of a circular duplex containing a single 8-oxoG residue We investigated whether MMR might be counteracting
the incorporation of 8-oxodGMP from the oxidized dNTP[10] by extracts of msh2/or msh2/ MEFs (data not
shown). These direct biochemical determinations indi- pool. The cDNA that encodes the human MTH1 8-oxod-
GTPase [12] was introduced into Msh2-proficient orcate that, at least in resting DNA, Msh2 is unlikely to be
a significant influence on BER of 8-oxoG:C pairs. -defective cells by transfection. hMTH1 expression was
analyzed by Western blotting of extracts of individual
clones. Expression of the transfected hMTH1 wasCombined Ogg1 and Msh2 Mutations
A complementary genetic approach using MEFs from readily detectable, whereas extracts from nontrans-
fected cells contained only low levels of protein recog-msh2//ogg1/ animals provided additional evidence
for the independence of Ogg1 from Msh2. The steady- nized by the anti-hMTH1 antibody (Figure 5A and data
not shown). hMTH1 expression was quantified by mea-state levels of 8-oxoG in DNA of ogg1/ and msh2/
MEFs were similar despite their slightly different genetic suring dGTPase activity in the extracts. The low
dGTPase levels of untransfected cells were increasedbackgrounds (Figure 4A). DNA from ogg1/ MEFs con-
tained 1.7-fold more 8-oxoG than DNA from ogg1/ up to 10-fold in the transfectants. A 5- to 10-fold increase
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Figure 3. Incision at an 8-oxoG:C Base Pair by Mouse Cell Extracts
The substrate is a 30-mer duplex oligonucleotide (Eurogentec,Figure 2. DNA 8-oxoG in Derivatives of A2780 Human Ovarian Car-
Angers, France) of the indicated sequence that contains a singlecinoma Cells
8-oxoG:C base pair at the indicated position. 50 fmoles duplexThe hMLH1-defective A2780 Clone 1 variant [8] and the derivative
32P-end labeled in the 8-oxoG-containing strand was incubated withcorrected by transfection of hMLH1 cDNA are described in [9]. (A)
3 g cell extract [27] in 25 mM Tris HCl (pH 7.6), 1 mM EDTA, 50Steady-state levels. DNA 8-oxoG was measured in DNA extracted
mM NaCl. After the indicated times at 37C, incision was analyzed byfrom A2780 (unfilled bars), hMLH1-defective A2780 Clone 1 (filled
electrophoresis on a denaturing 20% polyacrylamide gel. Productsbars), and A2780 Clone 1 expressing a transfected hMLH1 cDNA
were visualized by autoradiography and the amount of radiolabeled(hatched bars). (B) DNA 8-oxoG after H2O2 treatment. The same cells 14-mer quantified by phosphorimager (Instant Imager, Packard). (A)were treated for 60 min with 10 and 20 mM H2O2, and the levels of Extracts from msh2/, msh2/, and msh2/ MEFs. Incubation ofDNA 8-oxoG were measured. All values are means of two determina-
the substrate for 180 min without cell extracts is shown in lane 1.tions.
(B) Extracts from Colo26, Colo5, or Colo5  chromosome 2 cells.
in MTH1 activity significantly reduced the steady-state
case, the difference in 8-oxoG levels between hMTH1-levels of DNA 8-oxoG in Colo26 and Colo5 (Figure 5B).
expressing msh2/ cells and their nontransfectedThe effect of hMTH1 expression was most pronounced
counterparts did not reach statistical significance (0.41in the Msh2-defective Colo5 cells in which the steady-
versus 0.37; Student’s t test for paired samples; notstate 8-oxoG levels were highest.
significant). This suggests that MTH activity may not beA similar trend was observed in hMTH1-transfected
limiting in MMR-proficient MEFs, although we note that,MEFs (Figure 5C). Because the steady-state levels of
in addition to a lower level of MTH1 expression, theseDNA 8-oxoG were much lower in these cells, the extent
measurements of DNA 8-oxoG are close to the detectionof reduction by hMTH1 was more modest. In five inde-
limits for HPLC/EC.pendent experiments, a 10-fold increased expression
The modest level of hMTH1 expression did signifi-of hMTH significantly reduced DNA 8-oxoG levels in
cantly diminish H2O2-induced levels of DNA 8-oxoG inmsh2/ MEFs (0.71 versus 0.50; p  0.01, Student’s t
both msh2/ and msh2/ MEFs (Figure 5D). In msh2/test for paired samples). A more pronounced reduction
cells treated with 20 mM H2O2, hMTH1 expression re-was observed in a single msh2/ MEF clone in which
duced DNA 8-oxoG from 3.1 to 2.2 per 106 guanines. ThehMTH1 expression was 5-fold higher. This high-level
effect of hMTH was more pronounced in H2O2-treatedhMTH1 expression reduced the steady-state level of
msh2/ cells in which a somewhat higher expressionDNA 8-oxoG to around or below that of msh2/ MEFs
of MTH1 reduced DNA 8-oxoG levels to almost half—(0.25 per 106 guanines). The level of MTH1 expression
in msh2/ MEFs was more modest (Figure 5C). In this from 6.3 to 3.8 per 106 guanines.
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Figure 4. DNA 8-oxoG in MEFs from Single
and Double msh2 and ogg1 Knockout Mice
Double msh2//ogg1/ animals were gener-
ated by appropriate crosses and genotyped
as described [28, 11]. MEFs were established
from 13-day-old embryos. Steady-state (A) or
H2O2-induced (15 min, 20 mM) (B) levels of
DNA 8-oxoG were determined. Means of
three determinations.
Discussion a significant role for Msh2 in Ogg-1-mediated BER. The
demonstration that both the hMLH1 and Msh2 MMR
factors influence DNA 8-oxoG levels strongly suggestsOur findings confirm the contribution of both Msh2 [13]
and Ogg1 [11] to maintaining low steady-state and oxi- that the MMR pathway contributes significantly to the
exclusion or removal of 8-oxoG from DNA. Preferentialdant-induced levels of DNA 8-oxoG. Biochemical and
genetic approaches concur that Msh2 and Ogg-1 act removal of 8-oxoG from the transcribed strand of trans-
fected DNA molecules is also partially independent ofindependently in this, and our results effectively exclude
Figure 5. Expression of the Human hMTH1
Gene Reduces Steady-State and H2O2-
Induced DNA 8-oxoG Levels in Mouse Cells
msh2/ and msh2/ MEFs, Colo26, and
Colo5 cells were transfected (Lipofectamin,
GIBCO-BRL) with pcDEBdelta-hMTH1 (kindly
provided by Professor Y. Nakabeppu) car-
rying hygromycin resistance together with the
cDNA for hMTH1d, the major 18 KDa form of
hMTH1 [29]. Hygromycin (GIBCO-BRL) resis-
tant clones were isolated after 15–20 days.
hMTH1 expression in transfectants was mon-
itored by Western blotting or quantitated by
measurement of dGTPase activity in cell ex-
tracts [30]. For dGTPase determinations, ex-
tracts were prepared from 2 107 cells in 200
l 50 mM Tris HCl (pH 7.5), 1 mM EDTA, 10
mM DTT, and 0.2% Triton X-100. Reaction
mixtures (20 l) contained 20 mM Tris HCl
(pH 7.5), 8 mM MgCl2, 5 mM dithiothreitol,
100 M [	-32P]dGTP (2 Ci/mmole), and cell
extract. Following 10 min incubation at 37C,
reactions were terminated by chilling to 0C
and the addition of EDTA to 10 mM. Aliquots
(2.5 l) were applied to thin layer PEI-cellu-
lose plates, which were developed in 1 M LiCl.
Dried plates were exposed to X-ray film, and
dGTP and dGMP were quantitated using the
NIH V1.59 software package. One unit of
hMTH1 produces 1 pmol dGMP per min in
the standard assay. (A) Western blot analysis of hMTH1. Extracts of Colo26 and Colo5 were separated on 7.5% SDS polyacrylamide gels,
transferred to nitrocellulose membranes (Bio-Rad), and probed overnight with anti-hMTH1 antibody followed by the appropriate secondary
antibody. Blots were developed using the ECL detection reagents (Amersham). The arrow indicates the position of the 18 KDa hMTH1 protein.
(B) The effect of transfected hMLH1 on DNA 8-oxoG in Colo26 and Colo5. Steady-state DNA 8-oxoG levels were measured in nontransfected
(unfilled bars) or hMTH1-transfected (filled bars) Colo26 and Colo5 cells. The relative levels of MTH activity are shown above the appropriate
bar. The values for untransfected Colo26 and Colo5 are 0.3 and 0.4 units, respectively. The values of 8-oxoG are the means of two independent
determinations. (C) Steady-state levels of DNA 8-oxoG in msh2/ and msh2/. Untransfected (unfilled bars) or hMTH1-transfected msh2/
MEFs (filled/hatched bars) (mean, n  5). MTH activity values shown are relative to untransfected msh2/ and msh2/ MEFs. These values
were 0.45 and 0.4, respectively . (D) DNA 8-oxoG induced by 60 min exposure to 20 mM H2O2 in msh2/ and msh2/ MEFs. Values are
means (n  3).
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Figure 6. The Four Exclusion Pathways for DNA 8-oxoG
Left panel (top): OGG-1 excises 8-oxoG from resting DNA. Oxidation of DNA guanine by reactive oxygen species (ROS) forms promutagenic
8-oxoG:C pairs in nonreplicating DNA. These are corrected by base excision repair initiated by the OGG-1 DNA glycosylase. Left panel
(bottom): MYH counteracts mutation at replicated 8-oxoG lesions. During replication, dAMP is inserted opposite unrepaired 8-oxoG. This
promutagenic base pairing is counteracted by the MYH DNA glycosylase, which removes the incorporated adenine base from the A:8-oxoG
pair. This initiates a base excision repair event in which the insertion of C opposite the lesion generates a substrate for subsequent 8-oxoG
removal by Ogg-1. Right panel (top): MTH1 provides a supplementary line of defense. Direct oxidation of the dGTP pool by ROS generates
8-oxodGTP. This damaged DNA precursor is eliminated by MTH. This prevents the incorporation of promutagenic 8-oxodGMP into DNA.
Under conditions of severe oxidative stress, MTH levels might become limiting, leading to the extensive incorporation of 8-oxodGMP. Right
panel (bottom): Mismatch repair (MMR) carries out additional surveillance for DNA 8-oxoG. MMR involving the MSH2 and MLH1 proteins excises
8-oxodGMP incorporated during replication. This removal involves the long patch mismatch repair pathway initiated by the MutS	 and MutL	
MMR complexes.
Ogg1 [14]. The role, if any, of mammalian MMR in this yeast MMR both initiate correction of the A-containing
daughter strand at the 8-oxoG:A pairs formed frequentlytranscription coupled repair (TCR) is not well under-
stood. Our in vitro assays mimic BER of 8-oxoG in rest- during replication. To do this, the yeast MutS	 recognizes
and binds 8-oxoG:A base pairs. This property is shareding DNA and therefore do not address TCR. Since only
5% of the genome is actively transcribed, we consider by the human hMutS	mismatch recognition complex [17,
18], which also selectively recognizes 8-oxoG:T andunlikely that the 100% increase in the level of DNA
8-oxoG in MMR-defective cells reflects the participation 8-oxoG:G but not the Ogg1 substrate 8-oxoG:C [17].
Unlike yeast, mammalian cells, including the MEF andof MMR factors in TCR.
The key finding that a transfected hMTH1 brings about Colo26 cells used in this study (data not shown), express
MYH, the mammalian homolog of the MutY DNA glyco-a significant reduction of DNA 8-oxoG levels in both
MEFs and mouse tumor cells provides the first direct sylase. Our findings—in particular the independence of
Ogg-1 and Msh2 in keeping DNA free of 8-oxoG—are notevidence that the oxidized dNTP pool is a significant
source of DNA 8-oxoG in these cells. The ability of consistent with a simple functional redundancy between
MYH and MMR. The most likely substrate for interven-hMTH1 to decrease the level of both steady-state and
oxidant-induced DNA 8-oxoG indicates that endoge- tion of MMR is the 8-oxoG:A mispairs formed when
8-oxoG is incorporated into daughter DNA opposite anous oxidation of the dNTP pool is an important source
of DNA damage and that the dNTP pool is a significant template A. In view of the substrate preferences of the
hMutS	 complex, we cannot exclude intervention at thetarget for exogenous oxidative damage. Taken together,
our observations indicate that MMR excises incorpo- more infrequent 8-oxoG:T or 8-oxoG:G mispairs, how-
ever. We conclude that DNA 8-oxoG is excluded fromrated 8-oxodGMP from newly synthesized daughter
DNA. Yeast provides a precedent for MMR at 8-oxoG- newly synthesized DNA by a combination of MTH-medi-
ated 8-oxodGTP hydrolysis and excision by MMR (Fig-containing base pairs generated during replication [15,
16]. In that organism, MMR appears to fulfil the role of ure 6). Compromising or saturating the latter function
results in the accumulation of DNA 8-oxoG. MMR there-the E. coli MutY DNA glycosylase for which no homolog
has been identified in the yeast genome [16]. MutY and fore joins MTH, Ogg-1-, and MYH- (and possibly Ogg-2-
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of the Escherichia coli MutY protein. J. Bacteriol. 181, 6210–[19]) mediated BER as another component of the com-
6213.plex system by which mammalian cells maintain their
6. Mo, J.-Y., Maki, H., and Sekiguchi, M. (1992). Hydrolytic deami-DNA free of the oxidized purine.
nation of a mutagenic nucleotide, 8-oxodGTP, by human 18-
The observation that the oxidized dNTP pool is an kilodalton protein: sanitization of nucleotide pool. Proc. Natl.
important source of premutagenic oxidized bases that Acad. Sci. USA 89, 11021–11025.
7. Humbert, O., Fiumicino, S., Aquilina, G., Branch, P., Oda, S.,persist in DNA of MMR-defective cells has significant
Zijno, A., Karran, P., and Bignami, M. (1999). Mismatch repairimplications for their phenotype. Deranged oxidative
and differential sensitivity of mouse and human cells to DNAmetabolism is a property of many tumors. Treatment of
methylating agents. Carcinogenesis 20, 205–214.cells with oxidizing agents can induce the microsatellite
8. Aquilina, G., Ceccotti, S., Martinelli, S., Soddu, S., Crescenzi,
instability [20] that is a defining feature of the extreme M., Branch, P., Karran, P., and Bignami, M. (2000). Mismatch
mutator phenotype of MMR-defective cells [21], and repair and p53 independently affect sensitivity to CCNU. Clin.
Cancer Res. 6, 671–680.treatment with antioxidants can partially alleviate their
9. Branch, P., Masson, M., Aquilina, G., Bignami, M., and Karran, P.mutator phenotype [22]. We tested the extent to which
(2000). Spontaneous development of drug resistance: mismatchpersistent oxidative DNA damage derived from the
repair and p53 defects in resistance to cisplatin in human tumordGTP pool contributes to the mutator phenotype in cells. Oncogene 19, 3138–3145.
MEFs. In several independent experiments, hMTH1 ex- 10. Fortini, P., Parlanti, E., Sidorkina, O.M., Laval, J., and Dogliotti,
pression sufficient to reduce the steady-state level of E. (1999). The type of DNA glycosylase determines the base
excision repair pathway in mammalian cells. J. Biol. Chem. 274,DNA 8-oxoG in msh2/ MEFs to around the background
15230–15236.value (Figure 5D) strongly diminished the mutator effect.
11. Klungland, A., Rosewell, I., Hollenbach, S., Larsen, E., Daly,The mutation rate to HPRT decreased 20-fold from
G., Epe, B., Seeberg, E., Lindahl, T., and Barnes, D.E. (1999).
3.1  1.4  106 /cell/generation (three experiments) in Accumulation of premutagenic DNA lesions in mice defective
the msh2/ cells to 1.3  0.3  107 (two experiments) in removal of oxidative base damage. Proc Natl Acad Sci USA
in the same cells overexpressing hMTH1. This value is 96, 13300–13305.
12. Sakumi, K., Furuichi, M., Tsuzuki, T., Kakuma, T., Kawabata, S.,closely similar to spontaneous mutation rates of mouse
Maki, H., and Sekiguchi, M. (1993). Cloning and expression ofcells. Thus, it appears that a large part of the mutator
cDNA for a human enzyme that hydrolyzes 8-oxo-dGTP, a muta-effect associated with a MMR deficiency may be a con-
genic substrate for DNA synthesis. J. Biol. Chem. 268, 23524–
sequence of oxidative DNA damage. This surprising 23530.
finding suggests that the majority of mutations in MMR- 13. DeWeese, T.L., Shipman, J.M., Larrier, N.A., Buckley, N.M.,
Kidd, L.R., Groopman, J.D., Cutler, R.G., te Riele, H., and Nelson,defective cells do not arise through spontaneous repli-
W.G. (1998). Mouse embryonic stem cells carrying one or twocation errors; the mistakes are induced by DNA damage
defective Msh2 alleles respond abnormally to oxidative stressderived from the oxidized dNTP pool. This has profound
inflicted by low-level radiation. Proc. Natl. Acad. Sci. USA 95,
implications for an understanding of the molecular 11915–11920.
events underlying mutation in MMR-defective cells and 14. Le Page, F., Klungland, A., Barnes, D.E., Sarasin, A., and
for the behavior of MMR-deficient tumors. Our findings Boiteux, S. (2000). Transcription coupled repair of 8-oxoguanine
in murine cells: the ogg1 protein is required for repair in nontran-indicate that the hitherto unrecognized interaction be-
scribed sequences but not in transcribed sequences. Proc. Natl.tween the MMR system and DNA damage introduced
Acad. Sci. USA 97, 8397–8402.via the altered dNTP pool is an important area for future
15. Earley, M.C., and Crouse, G.F. (1998). The role of mismatch
study. repair in the prevention of base pair mutations in Saccharo-
myces cerevisiae. Proc Natl Acad Sci USA 95, 15487–15491.
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